ABSTRACT
INTRODUCTION
Human papillomavirus (HPV) oncogenes E6 and E7 are expressed throughout the spectrum of HPV-associated anogenital intraepithelial neoplasia (AGIN) and therefore are potential targets for immunotherapy (1) . A number of vaccine strategies are being evaluated in clinical trials (2) . In the pioneering studies, vaccinia HPV-16/18 E6/E7 (TA-HPV), a live recombinant vaccinia virus encoding modified versions of HPV-16 and HPV-18 E6 and E7, was used in patients with advanced cervical carcinoma (3) and subsequently in early-stage cervical carcinoma patients (4) . These studies established safety and immunogenicity in that modest T-cell and antibody responses were induced. These studies in cancer patients, however, did not allow the evaluation of any clinical effects in the short term. Two recent studies (5, 6) have tested a single dose of TA-HPV in patients with high-grade vulval intraepithelial neoplasia (VIN), a chronic, premalignant, frequently symptomatic disease. In the first study (5) , a single dose of TA-HPV was shown to be immunogenic in 13 of 18 women as demonstrated by lymphocyte proliferation, enzyme-linked immunospot (ELISPOT), and/or antibody responses. Eight patients demonstrated a reduction in lesion diameter of at least 50%, and an additional 4 patients showed significant symptom relief. The lesions that shrank showed significantly higher levels of infiltrating CD4ϩ, CD8ϩ, and CD1aϩ immune cells before vaccination as demonstrated by immunohistochemistry. In a second study in VIN patients (6) , 6 of 10 women demonstrated vaccine-induced HPV-16-specific T cells by IFN-␥ ELISPOT, 5 with a concomitant significant reduction in lesion diameters. Delivery of cure in patients with this and other HPV-associated lesions may depend on viral clearance or at least sustained anti-HPV immunity, and a single vaccination may, therefore, not be enough.
A second vaccine formulation that has been tested in humans consists of a HPV-16 L2E6E7 fusion protein (TA-CIN). It was well tolerated when administered to healthy volunteers and induced antibody and proliferative responses against TA-CIN, as well as IFN-␥ ELISPOT responses to the HPV-16 oncoproteins (7) . A small study of VIN patients who received three booster vaccinations with TA-CIN between 7 and 15 months after the TA-HPV vaccination (5) demonstrated HPV-16-specific proliferative T-cell and/or serological activity, but there was no direct correlation between immunological and clinical responses (8) .
In preclinical studies, a heterologous prime-boost immunization strategy using a HPV-16 L2E6E7 fusion protein (TA-CIN), in combination with TA-HPV, showed enhanced immunogenicity compared with the use of either agent alone (9) . The protocol of TA-CIN followed by TA-HPV was superior to the reciprocal as defined by the induction of T-cell reactivity against the oncoproteins. This may be related to the fact that TA-HPV comprises a multitude of vaccinia-specific T-cell epitopes, which can efficiently compete with the two HPV-16 oncogenes for the attention of the T-cell-mediated immune response. In the case that the immune response is naïve to either of these epitopes, immunity may very well be skewed toward vaccinia-derived epitopes. Immunization with TA-CIN is thus likely to focus the immune response to the oncoproteins, whereas boosting with TA-HPV will increase the magnitude of this oncoprotein-specific T-cell response. Here, we describe the immunogenicity of a similar heterologous prime-boost strategy of three monthly immunizations with TA-CIN, followed by a single boost with TA-HPV in patients with HPV-16-associated AGIN.
PATIENTS AND METHODS
The United Kingdom Medicines Control Agency, the Gene Advisory Committee, and the appropriate Local Ethics Committees approved the study, and all patients gave written informed consent. Twenty-nine women with stable, noncervical AGIN (27 VIN 3 and 2 VAIN 3) were recruited in three centers: St Mary's Hospital (Manchester, United Kingdom); University Hospital of Wales, Llandough Hospital (Cardiff, United Kingdom); and Addenbrooke's Hospital (Cambridge, United Kingdom). Three prime vaccinations of TA-CIN (533 g) were given i.m. at four weekly intervals (Ͼ70% of healthy volunteers gave IFN-␥ ELISPOT responses at this dose; Ref. 7) , followed 4 weeks later by a boost vaccination comprising a single dose (2.5 ϫ 10 5 plaque-forming units) of TA-HPV by dermal scarification. Women were followed up for 12 weeks after completion of the vaccination schedule. Blood was taken before vaccination (week 0) and at 12, 16, 20, and 24 weeks for assessment of cell-mediated and humoral immunity. Prevaccination samples were limited for 2 patients (404 and 405), and patient 416 baseline sample was taken at week 4. Biopsies were taken at weeks 12 and 24 for histology and HPV status as described previously (5) . At entry, 26 patients had lesions with HPV-16, 1 had HPV-33 and HPV-58, 1 was HPV high risk but could not be typed, and 1 was HPV negative. Clinical responses were defined as partial if lesion area was reduced by Ն50% and a complete response by complete reduction of the lesion with no evidence of disease in the biopsy. Progression was defined as an increase in lesion area by Ն50%. The clinical findings will be reported elsewhere. 
Immunological Assays
Analysis of HPV-16-Specific T-Cell Proliferation. Blood samples were collected in monovettes containing citrate and peripheral blood mononuclear cells (PBMCs) were isolated by density centrifugation. Cells were cryopreserved in liquid nitrogen until additional use. PBMCs from all time points for each patient were assessed in a slightly modified assay previously described (5) and as follows. Briefly, cells were thawed and placed into 24-well suspension cell plates (Sarstedt) for a recovery period of 2 h before being seeded in triplicate wells of a 96-well round bottomed microtiter plate (Alpha Laboratories Ltd.) at 2 ϫ 10 5 cells/well in RPMI 1640 supplemented with 10% human AB serum (Quest Biomedical), 100 g/ml streptomycin, and 100 IU/ml penicillin (Life Technologies, Inc.). PBMCs alone (medium control) or PBMCs with 50 g/ml recombinant HPV-16 L2E6E7 protein (TA-CIN; Xenova Research Ltd.), 50 g/ml recombinant HPV-6 L2E7 protein (Xenova Research Ltd.), 25 g/ml HPV-16 GST-E6, 25 g/ml HPV-16 GST-E7, 25 g/ml glutathione S-transferase (GST) tag protein alone (all proteins purified on glutathione-Sepharose; Ref. 10), or 7000 units/ml tuberculin purified protein derivative (Evans Vaccines Ltd., Liverpool, United Kingdom) were incubated for 6 days at 37°C. During the final 18 h of culture, 1 Ci/well 3 H]Thymidine incorporation was measured using a Topcount scintillation counter (Packard). Replicates were within 10%. Results are presented as stimulation index (SI) ϭ the mean number of counts incorporated by antigenstimulated PBMCs divided by the mean number of counts for PBMCs in medium alone (negative control); SIs for GST-E6 and GST-E7 were calculated using the response to GST as control. A preexisting proliferative T-cell response to HPV-16 L2E6E7 was defined as SI Ն 2. A postvaccination proliferative T-cell response to HPV-16 L2E6E7 was defined as a 3-fold increase in the SI compared with the prevaccination value. Paired Wilcoxon's signed rank tests were used to test for population differences in the responsiveness to each antigen before and after vaccination with P Յ 0.05 considered statistically significant. The response to TA-HPV boost vaccination (week 12 versus week 16 and so on) was also compared by Wilcoxon's signed rank tests.
Analysis of HPV16 E6-and E7-Specific T-Cell Reactivity by IFN-␥ ELISPOT
IFN-␥-producing HPV-specific T cells were quantified using ELISPOT that was performed as described previously (7, 11) . Briefly, PBMCs were thawed, washed, and seeded at a density of 2 ϫ . After 4 days of incubation at 37°C, PBMCs were harvested, washed, and seeded in four replicate wells at a density of 10 5 cells/well in 100 l of Iscove's modified Dulbecco's medium enriched with 10% FCS in a Multiscreen 96-well plate (Millipore, Etten-Leur, the Netherlands) coated with an IFN-␥ catching antibody (Mabtech AB, Nacka, Sweden). Additional antibody incubations and development of the ELISPOT were performed according to the manufacturer's instructions (Mabtech). Spots were counted with a fully automated computer-assisted video imaging analysis system (Bio Sys). Specific spots were calculated by subtracting the mean number of spots ϩ2 ϫ SD of the medium only control from the mean number of spots in experimental wells. Antigen-specific T-cell frequencies were considered to be increased compared with nonresponders when specific T-cell frequencies were Ն1/10,000 (11). T-Cell frequencies were considered to be boosted by the vaccine when they were at least 3-fold higher than before vaccination (7).
Analysis of HPV-Specific IgG Antibodies by ELISA
HPV-16/18 E6/E7 and HPV-16 L1 IgG levels were measured by ELISA using recombinant proteins fused to GST; GST without HPV protein sequences was used as specificity control, and any background response to the latter was subtracted to give the HPV-specific absorbance as described previously (10, 12) . Antibody levels were measured in sera from a group of normal blood donors (n ϭ 15). Cutoff values for sera positivity were HPV-16 E6, 119; HPV-16 E7, 31; HPV-18 E6, 356; HPV-18 E7, 500; and HPV-16 L1 101. In addition to a 3-fold increase over week 0 baseline absorbance values, the mean specific absorbance ϩ3 ϫ SD of this group of normals for each assay was used as the cutoff value to define seropositivity in the AGIN patients. The normal and baseline AGIN patient serological responses were compared using Mann-Whitney U (nonparametric) tests. Pre-and postvaccination AGIN patient group serological responses were compared by paired Wilcoxon's signed rank tests with P Յ 0.05 considered statistically significant.
RESULTS

HPV-16-Specific Proliferative T-Cell Responses.
The capacity of the heterologous prime-boost protocol to induce and/or stimulate HPV-16-specific proliferative T-cell responses was examined by analysis of HPV-specific immunity before vaccination, after 3 vaccinations with TA-CIN (week 12), and after booster vaccination with TA-HPV (weeks 16, 20 and 24). Fig. 1A shows an example of such proliferative responses detected in an individual patient. A 3-4-fold increase in TA-CINspecific proliferation was detected after the three prime vaccinations with TA-CIN. This is not boosted by TA-HPV at week 16 but continues above baseline over the course of the study. The group responses to the HPV antigens are shown as box whisker plots in Fig. 1B . The patient group as a whole showed significantly increased TA-CIN-specific responses after the three TA-CIN vaccinations, which was sustained on weeks 16 -24. There was no significant change in response to the control antigen HPV-6 L2/E7 at any time point (Table 1) .
When examining individual patient responses, 10 of 27 patients tested had evidence of a preexisting proliferative T-cell response to TA-CIN, and 7 of these also showed baseline responses to HPV-6 L2/E7. Of all patients, 17 showed evidence of a TA-CIN-specific response (at least a 2-fold increase) at some point after prime or prime-boost vaccination. Ten of these 17 patients showed a definite vaccine induced response (Ͼ3-fold increase in SI), with only 2 from those displayed a preexisting response to TA-CIN. No similar individual responses were seen to the control antigen HPV-6 L2/E7. Patients with preexisting responses had an average increase in postvaccination proliferation of 1.49 Ϯ 0.13 SE, whereas patients without preexisting immunity gave 2.16 Ϯ 0.15 SE. It seems there are higher and more consistent responses in the patients with lower preexisting proliferative responses.
Examination of the proliferative responses against the two oncoproteins using recombinant HPV-16 GST-E6 or GST-E7 proteins in the proliferation assay showed that group responses were significantly increased only for GST-E6 at weeks 16 ( Table 1 ). The ratio of E6 to E7 responses over the trial period supports this bias for E6-specific T-cell proliferation (Fig. 1C) . The overall magnitude of response, reflected by the SI range and median values, is greater for TA-CIN than E6-GST (Fig. 1) , implying that the magnitude of the T-cell response reactive with non-E6 or E7-encoded T-cell epitopes is higher. A comparison of proliferative responses at weeks 12 (before TA-HPV) and 16 showed evidence for a booster effect of the TA-HPV vaccination for E6-GST reactivity (P ϭ 0.045) but not for TA-CIN (P ϭ 0.16). All patient lymphocytes showed a proliferative response to tuberculin purified protein derivative, indicating that there was no overt immune suppression in these patients as well as that the samples tested were of good quality.
Vaccine-Induced IFN-␥-Producing T-Cell Reactivity to HPV-16/18 E6 and E7. IFN-␥ ELISPOT assays were performed with PBMCs provided from 25 patients, taken before vaccination (week 0) and following all vaccinations (week 16 and/or week 20/24). HPV-16-specific T-cell responses were detected in 11 of 25 patients ( Table 2) . Preexisting HPV-16-specific immunity was detected in 3 patients (201, 301, and 412), all of whom showed reactivity to HPV-16 E6 peptides. None of the patients showed HPV-16 E7-specific T cells before vaccination. Vaccine-induced HPV-16 E6-specific T cells were found in 9 of 25 patients after all vaccinations ( Table 2 ). All of the patients who displayed at least a 3-fold increase in E6-specific reactivity in the proliferation assays (201, 301, 304, 310, and 311) responded to one or more pools of E6 peptides in the ELISPOT assay. In two patients (301 and 405), HPV-16 E7-specific T cells were enhanced after all vaccinations (Table  2 and Fig. 2) .
HPV-18 E6 and E7 ELISPOT assays were performed with 10 of 25 patient lymphocytes pre-and postvaccination (201, 304, 305, 307, 311, 403, 407, 409, 411, and 413). One patient (201) had preexisting T cells to several HPV-18 E6 peptide pools, and 3 others (307, 407, and 413) showed enhanced HPV-18 E6-specific T-cell activity postvaccination at week 20. No preexisting or vaccine-induced HPV-18 E7 reactivity was detected in this group of patients. Importantly, no indications were found for cross-reactivity between HPV-16 and HPV-18 peptides because patients responded to either HPV-16 or HPV-18 peptides or to different peptide pools of these two virus types. In summary, using IFN-␥ ELISPOT assays for the detection of HPV-16-and HPV-18 E6-and E7-specific T cells, we found that 11 of 25 patients responded to vaccination. -----98  -3  ----104  311  16  ------255  24  2  6  11  ---259  -4  7  ---147  0  -1  2  1  4  -282  403  16  ------35  20  -7  ---5  354  0  ------26  404  16  ------34  24  ---14  --91  0  -1  ----43  405  16  79  87  --36  5  6 0  24  56  59  --22  29  135  0  ------46  407  16  ------45  20  ---12  --164  0  ------127  4  -----147  409  16  -3  19  ---87  24  -6  5  ---129  ------182  0  ------129  ------29  411  16  12  4  ----132  ------75  24  7  9  ----170  ------100  0  --10  ----200  412  16  ------247  24  5  ---2  5  217  0  ------86  ------86  413 16 -
a The 11 patients in whom no responses were detected against either HPV-16 or HPV-18 are not shown in this table.
b Specific responses shown were calculated by subtracting the mean number of spots ϩ2 ϫ SD of the medium control from the mean number of spots of experimental wells. The number of specific spots/100,000 peripheral blood mononuclear cell is given. Peptide pool specific T-cell frequencies Ն1/10,000 peripheral blood mononuclear cell and at least 3-fold the prevaccination response were considered to be vaccine enhanced (new or enhanced responses indicated in bold).
c NA, not available for analysis; (-), no specific response to E6 or E7; MRM, memory recall mix was used as a positive control.
Induction of HPV-16E6-and E7-Specific Antibodies. Compared with normal control subjects, the patients before vaccination had evidence of significantly higher levels of antibodies to HPV-16 E7 (P ϭ 0.0001), HPV-18 E7 (P ϭ 0.036), and HPV-16 L1 (P ϭ 0.0001) in a nonpaired nonparametric Mann-Whitney U test. Thirteen patients had HPV-16 L1-specific antibodies at baseline greater than the arbitrary cutoff generated from the normal blood donors; these L1 antibody levels remained stable over the course of the study. Fig. 3 shows box-whisker plots of group serological responses to HPV-16 E6 and E7 after vaccination and statistical analysis. Table 3 shows significant group responses at all time points compared with baseline for both HPV-16 E6 and E7 but not L1. No significant changes were seen in serological responses to HPV-18 E6 or E7 after vaccination. As defined by a 3-fold increase from baseline and being above the normal cutoff level, 14 of 24 patients tested were categorized as showing positive IgG responses to HPV-16 E7, 1 of whom also had positive responses to HPV-16 E6 (Table 4) . The responses to HPV-16 E6 or E7 were transient, with levels peaking at week 16 and declining by weeks 20 and 24, consistent with the single booster vaccination with E6 and E7 encoding TA-HPV at week 12.
DISCUSSION
We have analyzed the immunogenicity of a combination of TA-CIN and TA-HPV candidate therapeutic vaccines for the treatment of HPV-16-positive, high-grade AGIN in a Phase II clinical study. Our previous preclinical mouse model study had shown that the E7-specific T-cell antitumor activity was optimally boosted by a heterologous prime-boost protocol in which mice were primed by TA-CIN and boosted by TA-HPV (9) . In this study, there is clear evidence that the prime-boost vaccinations are immunogenic in AGIN patients, and the response appears to be biased to HPV-16 E6. Evidence of a booster effect of the TA-HPV immunization is seen with HPV-16 E6-specific proliferative responses, which were shown to be significantly higher at week 16, after the administration of TA-HPV. The HPV-16 E6 bias in T-cell reactivity is also detected in the ELISPOT analysis of PBMC samples that were isolated after all vaccinations. De novo HPV-18 E6 ELISPOT responses were found in 4 of 10 patients, consistent with the effectiveness of a single TA-HPV vaccination (5, 6) and supporting immunogenicity of this component of the prime/boost regimen.
Strong proliferative TA-CIN-specific responses were found in the AGIN patients after the vaccinations with TA-CIN, and these are of similar magnitude as those found in TA-CIN vaccinated healthy subjects (7) . The higher level of TA-CIN-specific proliferation seen compared with that detected with E6 and the absence of E7-specific T-cell proliferation might be explained by a strong response to HPV-16 L2 or an epitope derivative from the L2/E6/E7 fusion (and absent from the HPV-6 L2E7 control). A preponderance of L2 directed T-cell reactivity may also explain the lack of detection of booster activity by injection with TA-HPV encoding the E6 and E7 oncoprotein only when tested in a proliferation assay with TA-CIN as stimulating antigen. Interestingly, those patients with the lowest preexisting TA-CIN-specific response were most likely to respond vigorously upon vaccination with TA-CIN. This might be indicative of a preexisting response masking vaccinationinduced changes, with respect to the quality or type of T-cell response, not measured by the proliferation assays. Therefore, vaccine-induced proliferative responses may only be detected in those patients with no preexisting proliferative responses. Indeed, none of 5 patients in whom an E6-specific vaccine-induced proliferative response was detected had evidence of a preexisting E6 response. These observations point to some limitations of the TA-CIN proliferation assay.
In some of the cases, a nonprotective type of immunity (e.g., Th2, Treg, or nonpolarized) preexisting T-cell response may exist or the E6-and E7-specific T cells could have been anergized through the presentation of the two oncogenes to the immune system in a noninflammatory context, as was found in a HPV-16 mouse model (13). The long period over which the E6 and E7 proteins are presented to the immune system in the noninflammatory context of AGIN compared with the lack of L2 production in these lesions may hamper the induction of a strong type 1 T-cell reactivity against the two oncogenes when compared with L2. Indeed, the frequency of HPV-16 E6-specific IFN-␥-T-cell responses were found to be greater in patients with a preexisting Th1 type E6-response, whereas in the other patients, including those in which a vaccine-induced proliferative response was detected, a more modest response was induced (Ref. 6 and this study).
Although priming of E6-specific T-cell reactivity is achieved by vaccination with TA-CIN (Ref. 7 and this study), the major increase in E6-specific T-cell reactivity is due to the booster vaccination with TA-HPV. Analysis of the proliferative group responses revealed that the E6-specific T-cell responses were significantly increased at week 16, which is 4 weeks after vaccination with TA-HPV. Furthermore, our previous analysis of T-cell reactivity in high-grade VIN patients also revealed that vaccination with TA-HPV enhanced especially the numbers of IFN-␥-producing E6-specific T cells (6) . Such HPV-16 E6-specific T-cell immunity is frequently detected in healthy subjects, and this is supportive of a role in protection against persistent HPV infection and associated development of malignancies (14) . The fact that the heterologous prime-boost protocol increases the numbers of these effectors should therefore offer potential therapeutic value in some of the high-grade VIN patients. To describe the immunization regimen as prime-boost in this therapeutic approach to treatment of patients with lesions likely containing the HPV-16 proteins used in the vaccine formulations may not be entirely appropriate. However, overall, the protocol is capable of boosting existing T-cell responses from a low level as well as inducing de novo recognition of different epitopes. a A vaccine induced 3-fold increase in immunity at any postvaccination timepoint as measured by proliferation, enzyme-linked immunospot (ELISPOT), or ELISA is denoted by (ϩ). (Ϫ) is Ͻ3-fold and NT is not tested.
b Patient 404 and 405 samples were limited at time 0 for lymphoproliferation analysis; however, patient 405 did show a 3-fold SI increase at week 16 compared with week 12. Clinical response are categorized: progressor, stable, responder, and complete (C.) responder. a HPV-16/18 E6/E7-and HPV-16 L1-specific IgG levels at time 0 were compared with postvaccination with HPV-16 L2/E6/E7 (week 12), after boosting with HPV-16/18 E6/E7 (week 16) and in the follow-up in a Wilcoxon's signed ranks test where P Յ 0.05 was considered significant. Comparisons were also made by the same method between weeks 12 and 16 to assess a HPV-16/18 E6/E7 boost effect.
